Background: Likely due to the high level of strain exerted across the elbow during the throwing motion, elbow injuries are on the rise in baseball. To identify at-risk athletes and guide postinjury return-to-throw programs, a better understanding of the variables that influence elbow varus torque is desired.
Shoulder and elbow injuries account for up to 67% of injuries to pitchers in Major League Baseball (MLB). 5, 6, 24, 29 Although recent data indicate that shoulder injuries may be on the decline in MLB, this has been met with a reciprocal increase in elbow injuries. 5 More specifically, the rate of pitchers requiring reconstruction of the medial ulnar collateral ligament (UCL) of the elbow continues to increase, and nearly 25% of MLB and 15% of active Minor League Baseball (MiLB) players have undergone the procedure at some point during their careers. 5, 7 Accordingly, elbow injuries have been the focus of a great deal of research in recent years. Many attempts have been made to correlate functional parameters (strength, range of motion, etc) and measures of effort (pitch counts, innings pitched, velocity, etc) to elbow injuries in an attempt to identify modifiable risk factors. 4, 10, 12, 36 Although it appears that increased throwing volume and the presence of glenohumeral internal rotation deficits may contribute to elbow injuries, the true effect of these factors remains unknown. Additionally, the advancement of injured or recovering athletes through a return-to-throw program is largely based on conventional wisdom rather than evidence-based data on workload progression.
Through the use of 3-dimensional motion capture equipment, researchers and clinicians have been able to identify performance metrics and injury predictors that are associated with the throwing motion. In a laboratory setting, researchers have found that the rotational velocity of the arm during pitching can exceed 7000 deg/s, making it the fastest known recorded human motion. 11 As the arm transitions through the arm cocking and arm acceleration phases of throwing, the elbow experiences up to 90 NÁm of torque. 15, 19, 23 Excessive elbow varus torque during the throwing motion has been linked to medial elbow injuries in pitchers. 2, 16, 17, 34 Although motion capture analyses have been extremely valuable and have greatly influenced thinking on the biomechanics of the elbow during throwing, these analyses are not without their limitations. They cannot efficiently be performed on all pitchers at all levels to provide individualized analysis. As well, the advanced apparatuses required for these analyses are expensive and generally limited to the laboratory setting.
Recent advancements in technology have provided the ability to accurately measure body motions outside of the laboratory, providing a less obtrusive method for obtaining functional information at a low cost. Inertial measurement units (IMUs) allow for real-time feedback in all 3 planes of motion. Single-sensor IMUs have already been used in dynamic tasks such as gait analysis 32 and countermovement jumps, 28 while multisensor IMUs have been used to study overhead throwing. 21 More recently, a biomechanical system using a single IMU has been developed for the throwing motion that provides real-time metrics such as throw count, arm speed, maximal arm rotation, arm slot, and elbow varus torque. The purpose of the current study was to analyze the on-field activity of professional baseball pitchers and determine the mechanical factors (arm slot, arm speed, and arm rotation) that have the greatest within-athlete association with elbow varus torque. We hypothesized that arm slot would have minimal effect on elbow varus torque; however, torque would likely increase as arm speed and arm rotation increase. We hope that these data will allow identification of modifiable factors that affect elbow varus torque during throwing and serve as a foundation for the development of evidence-based return-to-throw programs.
METHODS
A total of 81 professional pitchers (both MLB and MiLB) participated in this study. To be included, a pitcher must have been currently listed on an MLB or MiLB roster and willing to wear the IMU sleeve during throwing activities. Mean participant age was 22 6 2 years, height was 190 6 5 cm, and weight was 93 6 10 kg. All players were assigned random player identification numbers to maintain anonymity and data deidentification. This study was approved by the Institutional Review Board of the Hospital for Special Surgery.
After providing consent, players were provided with motusBASEBALL sensors and sleeves (Motus Global). Participants were given instruction on how to properly wear the sleeve, with the sensor on the medial side of the forearm, 5 cm (roughly 2 finger widths) distal to the medial epicondyle of the humerus (Figure 1 ). The sensors were worn during warm-up/catch, structured long-toss, bullpen throwing from a mound, and live game activity.
For each throw, arm slot, arm speed, arm rotation, and elbow varus torque were recorded. Arm slot was measured as the angle between the forearm and the ground at ball release, where 0°and 90°represented horizontal and vertical arm positions, respectively. Arm speed represented the maximal rotational velocity of the forearm during the throwing motion, measured in degrees per second. Arm rotation was measured in reference to the ground so that if the arm were abducted 90°and the elbow flexed 90°, this would represent 0°of arm rotation. Elbow varus torque, the force required to resist the valgus stress that occurs during the arm cocking phase of throwing, was defined as the peak torque during the throw and measured in newton meters.
Biomechanical System
The motusBASEBALL system includes a wearable IMU with a triaxial accelerometer and triaxial gyroscope that records data at 1000 Hz. The IMU has a mass of 6.9 g with dimensions of 38 mm 3 25 mm 3 10 mm ( Figure 1 ). The on-board firmware of the IMU is outfitted with 16 Mbit of memory to automatically record and store raw data after every throw. Data are transmitted through Bluetooth LE to a custom-built application with proprietary biomechanical algorithms on a smart phone. Adjustments have been made in the biomechanical calculations to allow for a 2-inch radius of IMU movement from the correct placement without compromising the accuracy of data gathered.
Validation of the Method
A pilot study was conducted to determine the reliability of the IMU-based biomechanical system compared with the historical gold standard of motion capture. Thirty-five healthy pitchers of various ages and competition levels were evaluated simultaneously with the IMU system and an 8-camera 3D motion capture system (Motion Analysis Corp). The pitchers were instrumented with the IMU, and 46 reflective markers were placed on anatomic landmarks. The pitchers were given unlimited time to warm up and were then instructed to throw 10 fastballs from an indoor mound. All marker motion data were recorded at 480 Hz and filtered through a low-pass 18-Hz Butterworth filter. Kinematic and kinetic variables were then computed with methods similar to those used in previous motion analysis studies. [13] [14] [15] [16] [17] 20 The correlation coefficients (r values) between measurements with the 2 systems were good to excellent for all measurements: elbow varus torque (0.93), arm rotation (0.94), arm slot (0.95), and arm speed (0.85). Scatter plots with trend lines illustrating correlations are available in Appendix Figure A1 , available in the online version of this article.
Statistical Analysis
Data were analyzed by use of descriptive statistics. Linear mixed-effects models and likelihood ratio tests were used to estimate the within-subject relationship between elbow varus torque and arm slot, arm speed, and arm rotation. 
RESULTS
A total of 82,000 throws were analyzed from 81 different pitchers. There were 52,553 throws from right-handed pitchers and 29,447 throws from left-handed pitchers. Pooled means and standard deviations for all metrics are shown in Table 1 .
Regarding anthropometric variables, height (r = 0.26, P = .02) and weight (r = 0.54, P \ .01) were positively correlated with elbow varus torque. Results from the mixed-effects modeling demonstrated that both metrics were significantly associated with elbow varus torque ( Table 2 ). Within individual athletes, a 1-NÁm increase in elbow varus torque was associated with a 13°decrease in arm slot, a 116 deg/s increase in arm speed, and an 8°increase in arm rotation.
DISCUSSION
Although formal analysis of the throwing motion in the laboratory setting has been extremely informative, these data are often limited by their inability to assess on-field baseball activity. It is well established that increased elbow varus torque is correlated with increased rates of elbow injury. 2 Accordingly, there is a need for identification of modifiable factors that can potentially reduce the stress experienced by the elbow. In the current study, the overall mean elbow varus torque was 60 NÁm, with subject means ranging from 41 to 94 NÁm. The overall mean elbow varus torque was lower than previously reported mean and maximal observations. These discrepancies are likely due to the fact that the current study included all types of throws (eg, catch, long toss, mound) from individual pitchers rather than focusing on full-effort pitches or maximal effort throws. As hypothesized, both increased arm speed and arm rotation were associated with increased elbow varus torque. Contrary to the hypothesis, decreased arm slot was also associated with increased elbow varus torque.
As a player increased peak arm speed, the varus torque experienced at the elbow also increased. The pooled mean for arm angular velocity observed in this work was Significant at P \ .05. deg/s, values that are slightly lower than internal rotational velocities reported in previous work. This discrepancy is likely due to the fact that the current study included all types of throws (catch, long toss, mound, etc) from individual pitchers rather than focusing on a single type of high-velocity or maximal effort throw. Additionally, we reported arm speed as the resultant angular velocity of all 3 axes of the forearm, whereas internal rotation velocity is the angular velocity of only the long axis of the upper arm. Internal rotation velocity, a result of the contraction of the shoulder internal rotators and the forward acceleration of the forearm, has been reported to reach speeds as high as 6000 to 9000 deg/s. 8, 9, 11, 15, 18, 27 While it is not surprising that the faster the arm rotates the greater the varus stress across the elbow, arm speed may not be an easily modifiable factor in normal throwing. Conversely, prior research in youth has questioned the connection of arm speed and elbow varus torque 31 ; however, Werner et al 35 demonstrated that the peak angular velocity of shoulder horizontal adduction was significantly correlated to elbow varus torque in professional baseball players. Interestingly, previous work has demonstrated that as pitchers progress from partial-effort to full-effort throwing, both arm speed and elbow varus torque increase. 33 This could have implications for players who are training or in a rehabilitation program and trying to not overload the throwing elbow.
Several authors have reported that maximal shoulder external rotation ranges from 160°to 185°among professional baseball pitchers during the throwing motion. 9, 27, 36 In the current study, the arm rotation pooled mean was 157°, with subject means ranging from 135°to 174°. Similar to arm speed, this average is on the lower end of previously reported averages for pitchers and likely is a result of including all types of throws in the current analysis. It has been established that as a pitcher progresses in his warmup from catch to full-effort pitches, maximal shoulder external rotation and ball speed increase as well. 18 It is worth noting that the measured arm rotation in the current study was relative to the ground, whereas previous studies have reported shoulder rotation relative to the trunk. Because the differences between the current study and previously reported maximal shoulder rotation values may stem from the type of throw, the effort of each throw, and the way shoulder rotation was measured, comparing the rotation of one athlete to another may not be practical; however, within-athlete comparison can be a valuable method to study the effect of arm rotation on elbow varus torque.
As the arm transitions from cocking to acceleration, the elbow lags behind the trunk. This transition has been shown to increase overall elbow varus torque and the peak torque experienced during maximal external rotation. 8, 16, 17 Excessive shoulder rotation during a pitch has been shown to result in high varus torque at the elbow. [1] [2] [3] [4] 7 Sabick et al 31 indicated that 33% of the variance in elbow varus torque was explained by variance in maximal shoulder external rotation. When comparing American pitchers to Korean pitchers, researchers indicated that American pitchers had greater maximal shoulder rotation (181°6 8°) and varus torque (61 6 10 NÁm) compared with their Korean peers (167°6 8°and 42 6 7 NÁm, respectively). 13 The within-pitcher analysis in the current study demonstrated that for every 8°i ncrease in arm rotation, there was a corresponding increase in elbow varus torque by 1 NÁm. These findings suggest that greater amounts of arm rotation may be associated with greater stress on the elbow during throwing, which may increase the risk for elbow injury. Moreover, numerous studies have shown that maximal shoulder rotation was positively correlated to pitched ball speed. 3, 22, 26, 30 The greater the arm externally rotates, the longer the distance the pitcher has to apply a force on the ball during the arm acceleration phase and thus produce greater ball velocity. 27 However, significant associations have been found between increased ball velocity and elbow varus torque as well as a risk for elbow injury in youth and professional baseball players. 3, 22, 26 We believe that maximal arm rotation, ball velocity, and elbow varus torque are all interrelated. Accordingly, this modifiable factor may prove to be a reasonable area of focus for elbow injury prevention programs. Future studies using a radar gun to monitor ball velocity and further establish relationships are warranted.
Arm slot at ball release is considered a vital aspect of the pitching motion. Arm slot is the orientation of the throwing arm from the catcher's viewpoint, which is a product of trunk lateral flexion, shoulder abduction, and elbow flexion. Even though peak elbow varus torque occurs near the time of maximal shoulder rotation, arm slot at ball release has been shown to significantly influence valgus forces at the elbow. Matsuo and Fleisig 25 used computer simulation to alter arm slot by varying shoulder abduction and lateral trunk tilt, and they determined that alterations to arm slot significantly influenced elbow varus torque. In related work, Aguinaldo and Chambers 1 demonstrated that pitchers with an overhand delivery experienced significantly less elbow varus torque (46 6 29 NÁm) compared with pitchers who threw with more of a ''side arm'' (decreased arm slot) delivery (66 6 24 NÁm). The authors suggested that elbow varus torque decreased when pitchers' delivery was over the top (arm slot close to vertical). In the current study, decreasing the arm slot by 13°was associated with a 1-NÁm increase in elbow varus torque, which is consistent with the findings of Aguinaldo and Chambers. Additional research into delivery mechanics has demonstrated that pitchers tend to be very consistent in their deliveries, with relatively little variability in arm slot across different pitches within a given player. 20, 27 Fleisig et al 14 reported that professional pitchers had decreased variation in kinematics compared with youth and high school pitchers. Minimal variation in the delivery, especially arm slot at ball release, is highly stressed by coaches as a measure of performance. Maintenance of a consistent arm slot across all pitches is desirable in an effort not to tip the batter to what type of pitch is being thrown. 20 It is also possible, however, that pitchers inherently throw more ''overhand'' during lower effort throws, and as they warm-up and achieve maximal effort, their arm slot decreases into their natural slot. This would explain the tendency of a lower arm slot to be met with higher elbow varus torque.
A few limitations to this study merit mention. Players were asked to wear the sleeve and sensor during their normal baseball activity and were not required to complete a specific throwing program that was uniform across all players. Although this resulted in some variability in the number and types of throws from each pitcher, this limitation was overcome by the large number of throws included and the use of within-pitcher analysis. This type of throwing better reflects real-world scenarios in professional baseball by allowing players to maintain normal throwing routines. Similarly, players were initially provided formal instruction on how to position and wear the sleeve and sensor; however, the throws were not directly monitored by study personnel. In this research, we studied all throws, regardless of condition or type; however, it is possible that different throws affect the relationship between the variables studied. Finally, this study was limited by its reliance on new, emerging technology whose clinical implications have been studied in a limited fashion thus far. Despite these limitations, this work has a number of strengths. To our knowledge, the inclusion of 82,000 throws by 81 pitchers makes this the largest study of overhead throwing mechanics to date. Additionally, this work is strengthened by its report on a number of novel findings that correlate modifiable factors with elbow varus torque during throwing.
CONCLUSION
This work provides robust, baseline biomechanical performance metrics from healthy, professional baseball pitchers using wearable technology. In this study, elbow varus torque was associated with potentially modifiable factors such as arm slot, arm speed, and arm rotation.
